In this paper, we propose a periodic structure that is capable of alternating between absorption and radiation mode. The designed periodic structure consists of an array of 6×6 square shaped unit cell. Each unit cell consists of a multi-layered structure, with dimensions of 0.5λ×0.5λ. The resonators are placed on the top layer and the feeding network is designed and implemented on the bottom layer. The ground layer is sandwiched between the two dielectric substrates. All resonators are connected to a 50 feed-line using the corporate feeding technique. To achieve broadband absorption, lumped resistors are inserted into the resonators. The proposed metasurface structure achieves broadband radiation, with low RCS and high gain, in the propagation direction whereas broadband absorption is achieved, when it is exposed to a free space plane wave. Moreover, the metamaterial absorber has stable absorptivity for an incident angle of (0 • -30 • ). To verify the in-band absorption and radiation of the proposed design, a 6×6 periodic array of resonators has been fabricated and experimentally verified in an anechoic chamber. The measured results validate the performed simulations.
I. INTRODUCTION
Metamaterial absorbers have attracted much interest for many years for their unique properties; they can be integrated with several devices to improve the desired performance such as radar cross section (RCS). The RCS reduction implies the decreasing of the observability of a radiating structure and it has an application in stealth technology. The observability of an antenna can be reduced by means of shaping [1] , using absorbing materials [2] , using passive or active elements such as diodes [3] and by using metamaterial structures [4] . For example, in [1] the RCS of a monopole antenna is reduced by applying the principle of bionics. The low RCS antenna is designed by using a model of insect tentacle. The artificially designed resonating structures mainly have significant impact in low observable antennas [4] - [7] . Artificially designed resonating structures present a specific configuration such as circular shaped [5] , square shaped [6] and triangular shaped [7] geometries. For example, a Tri-band The associate editor coordinating the review of this manuscript and approving it for publication was Qammer Hussain Abbasi . metamaterial absorber has been designed for X band application using circular shaped metallic rings that operate at tri-narrow bands [5] . Alternatively, a wearable microwave absorber has been designed with more than 90% absorption for narrow band applications [6] . Similarly, compact circular ring resonator exhibits more than 90% absorption at narrow band, i.e. from 1.3-3.5 GHz [8] . In the literature, the designed metamaterial absorbers are used to reduce the RCS of narrow band antennas. In addition, in the previous research work, the metamaterial structure contributes in absorption but it does not contribute in terms of electromagnetic radiation. However, they are designed separately and combined with an antenna for the RCS reduction [9] - [17] . For example, an active reconfigurable frequency selective surface (FSS) has been designed to reduce the RCS of a patch antenna [12] . The designed reconfigurable FSS reflector is able to switch the stop-band to a pass-band using a diode. Left handed materials have been designed to reduce the RCS of microstrip patch antenna [9] . Similarly, in [10] the RCS reduction of a microstrip antenna is based upon electromagnetic bandgap (EBG) absorber using a conducting polymer. VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Also in [14] , [15] holographic metasurfaces are designed to reduce the RCS of the regular patch antenna. To design metasurface structures with the alternating function of wideband absorption and radiation is a challenging task. Nevertheless, considerable effort has been made to integrate a narrowband absorber with an antenna [10] , [16] - [18] . The reported structures are a combination of metamaterial absorbers and antenna, but limited to a single frequency operation. This may cause malfunction in some high data rate communications systems [19] - [26] .
Another issue related to the reported structures is a tradeoff between RCS and gain. In fact, the RCS reduction may cause degradation in gain. For example, in [12] and [13] when an FSS reflector is applied to an antenna, it degrades the gain by 0.3 dB and 1.5 dB, respectively. Similarly, when a metamaterial absorber is added to an antenna, the gain of the antenna is reduced by 0.53 dB [17] . Moreover, the reported implementations are unable to provide wideband absorption and radiation, alternatively.
In this paper, we present a periodic structure, which can alternate between electromagnetic radiation and absorption. The proposed multilayered structure consists of two F4B substrates with a dielectric constant of ε r = 2.65. The metamaterial structure has a low RCS about −10 dB within the operating band from 7.5 GHz to 9.5 GHz and wideband gain of 9-11 dB.
This paper is organized as follows. In Section II, the working principle of the dual function metasurface model for both radiation and absorption is explained. In Section III, the metamaterial absorber design and the simulated and measured results are discussed. In Section IV, the feeding network and its implantation to achieve the functionality of a metasurface antenna are presented. Finally, the main conclusions are drawn in Section V.
II. DUAL-FUNCTIONAL MODEL CONCEPT
The dual-function concept is demonstrated by using singlepole double-throw switches (SPDTs). The working principle of both absorber and radiator is depicted in FIGURE 1 using SPDTs switches. The proposed model has two states, i.e., state ''A'' for the radiating mode and state ''B'' for the absorber mode.
In state ''A'', the switch 'S 1 ' is connected to a load, whose impedance is R r (playing the role of the radiation resistance) and the switch S 2 is connected to the input source signal. Therefore, in state ''A'', the proposed dual function structure corresponds to the equivalent circuit of an antenna. According to the theory of antennas [27] , the input impedance of a radiating antenna is;
where, R r is the radiation resistance causing the radiation into space, R L is the loss resistance and X represents the reactance of the antenna. To achieve a metamaterial absorbing function, in state ''B'', S 1 is connected to an equivalent plane wave source and S 2 is connected to a load whose impedance value is Z L . Under this condition, the incident plane wave represents the excitation of the absorber as shown in FIGURE 1. The input impedance of the absorber can be defined as;
where Z L represents a lumped resistance, R L and X L denote the impedance of the absorber. From the aforementioned equivalent circuit model, it is clear that the metamaterial absorbing structure can also be used as a metasurface antenna.
III. METAMATERIAL ABSORBER SIMULATIONS AND MEASUREMENTS RESUTLS A. DESIGN OF METAMATERIAL UNIT CELL
The schematic diagram of the designed metamaterial unit cell is shown in FIGURE 2. The proposed metasurface is a periodic array of sub-wavelength resonant scatters, which control the electromagnetic response of the surface [28] , [29] , and consists of distinct metallic elements (a square ring resonator and PEC ground) on each side of the upper substrate. The upper substrate is fully grounded and thus, it presents a very low transmission level. The equivalent circuit of the proposed metamaterial unit cell is shown in FIGURE 2(c).
For an electromagnetic normally incident wave, the symmetric square metal ring acts as an electric inductivecapacitive (LC) resonator, supplying the electric coupling to the incident electric field. The antiparallel currents between the metallic square loop and ground metal film create the magnetic coupling to the incident magnetic field. The suggested square loop structure was studied in [30] as a FSS based metamaterial absorber that provides a narrow band absorption. However, to enhance the absorption level, three lumped resistors (R = 140 ) are inserted into the unit cell. The periodic array of single square loops are etched on the metallic substrate. As shown in The equivalent circuit of the proposed metamaterial unit cell is shown in FIGURE 2(c), the circuit model of the proposed unit cell is composed of an RLC series circuit, where C and L are the total equivalent capacitance and inductance, respectively. The free space impedance Z 0 = 377 and the dielectric slab impedance is Z 01 = Z 0 / √ εr = 231.6 . Based on the overall equivalent circuit model, we can determine that the equivalent circuit of a metamaterial unit cell corresponds to an LC resonant tank. The square loop resonator is described by the means 
B. SIMULATED AND MEASURED RESULTS
Numerical simulations were carried out using Microwave Studio CST 2016 based on the finite integration method. The condition of perfect electric field in x-direction and perfect magnetic in y-direction boundaries are applied to the transverse to account for the plane electromagnetic wave, with the wave propagating along the z-direction (k-direction) are set to be open boundaries. The optimized dimensions of the resonating metamaterial unit cell is 0.5λ× 0.5λ and the spacing among two unit cell is 0.16λ× 0.16λ, whereas the free space wavelength 'λ' is considered at center frequency of 8 GHz. Since the backside of the upper substrate is fully metallic, as shown in FIGURE 2(b) , the transmission coefficient is expected to be approximately zero. However, due to the feed network and vias, the transmission coefficient has to be carefully considered. Based on a tuning optimization simulation process, a final prototype of 6×6 unit cells has been designed, fabricated and tested.
The simulated and measured electromagnetic resonance behaviors of the proposed structure are shown in FIGURE 3(a) -(c). FIGURE 3(a) depicts the simulated and measured reflection coefficient. It is observed that reflectivity is lower than -10 dB from 7.5 GHz to 9.5 GHz.
The wideband absorption, A(w), can be calculated by using A(w) = 1 − T (w) − R(w), where T (w) = |S 12 | 2 and R(w) = |S 11 | 2 are the transmission and reflectance coefficients, respectively [31] . The transmission coefficient, T (w), is very low, but cannot be ignored. For a normal incident electromagnetic wave, the simulated and measured absorption characteristics are depicted in FIGURE 3(b).
It is clear from the FIGURE 3(b), that the absorptivity is more than 90% over the resonant frequency range of 7.5-10 GHz. The total dimension of the fabricated metasurface is about 2.96λ× 2.96λ at 8 GHz therefore, measurements were performed carefully, but still there is a discrepancy between measured and simulated results, which can be attributed to the fabrication tolerances and the measuring environmental influence. FIGURE 3(c) shows the simulated absorptivity as a function of frequency at various incident angles for TE polarization. For incident angle from 0 • to 30 • the absorptivity is greater than 0.9 or 90% in the operating band, which means that the metamaterial resonator absorptivity performance remains high and stable.
To demonstrate the physical behavior of the metamaterial absorber, the E-field distribution has been simulated at resonance frequencies. FIGURE 4(a) & (b), show the simulated E-field distribution of the metamaterial unit cell at 8 GHz and 9 GHz. It can be seen that the E-field distribution is strong between PEC and metallic resonator showing a strong dielectric loss that causes the absorption.
In order to integrate the antenna and absorber, a multilayered PCB is designed having two dielectric substrates. The architecture of the proposed integrated structure is shown in FIGURE 5 (a)-(d) . The metallic loops are symmetrically placed on an F4B substrate with dielectric constant of 2.65 and thickness of a 3 mm and each metallic loop is fed through vias from the bottom layer as shown in FIGURE 2(b) side view.
IV. DESIGN OF METASURFACE RADIATOR
In this section, the same designed metasurface structure (explained in section III) is demonstrated as a metamaterial radiator or antenna, where the working principle of the proposed multifunctional equivalent circuit model is explained in section II. To excite each resonator, a feeding network is designed on the backside of metasurface. For the feeding network, an additional F4B substrate having a thickness of 1 mm has been added to the multilayered implementation. The feeding network is designed in a way that it connects all resonators to a single 50 feed line as shown in FIGURE 5(b) .
A via with a diameter of 0.6 mm according to the fabrication constraint is chosen to connect the feed line with the square loop patch. The position of the via is heuristically optimized to get optimum matching. The matching circuit is based on microstrip feed lines. All radiators are fed in order to achieve the highest gain in z-direction.
A. DESIGN OF 3×3 AND 6×6 ANTENNA ARRAY
Simulations have been carried out to analyze the performance of 3×3 and 6×6 antenna elements. The architecture of the proposed 3×3 multilayered design and its feeding The simulated return loss for the 3×3 and 6×6 antenna elements is shown in FIGURE 6 (a). As can be seen from FIGURE 6 (a), both 3×3 and 6×6 unit elements have almost the same impedance matching from 7.5 GHz to 9.5 GHz. The simulated peak gain of 3×3 and 6×6 unit elements is depicted in FIGURE 6(b). The peak gain for 3×3 unit elements is varying around 4.2 dB whereas the peak gain is increased for 6×6 unit elements to around 11 dB in the resonating band as shown in FIGURE 6(b). The maximum gain 11.2 dB is achieved at resonance frequency of 9.5 GHz.
B. SIMULATED AND MEASURED RESULTS
To realize the proposed metasurface antenna, a planar array of 6×6 unit elements is manufactured on multilayered F4B substrates. The fabricated multilayered prototype is depicted in FIGURE 8(a) shows that the measured return loss is less than −10 dB from 7.5 GHz to 9.5 GHz. The simulated and measured return losses are in good agreement. In FIGURE  8(b) , the radiation and total efficiencies of the designed metasurface antenna are plotted at resonance frequencies: 7.5, 8, 8.5, 9 and 9.5 GHz. The maximum radiation efficiency of 83.9% is observed at 8 GHz. In order to verify the RCS reduction performance of the designed metasurface structure, the time domain solver in CST is used, considering all the boundary conditions set to be open. The monostatic RCS of the proposed metasurface antenna and its comparison with a PEC (equal size of antenna ground) is depicted in FIGURE 8(c). In FIGURE 8(c) , the RCS curve versus frequency is plotted for a normal incident plane wave. FIGURE 8(c) shows an obvious reduction in RCS in the whole operation band (7.5 -9.5 GHz) of the designed metasurface antenna.
To further investigate the principle of RCS reduction, the bistatic RCS comparison with the PEC and the proposed metasurface antenna is shown in that the main lobe is generally directed towards the normal direction at 8 GHz and 9 GHz.
The performance of the proposed metasurface structure, and previously designed metamaterial based on patch antennas from the state of the art are listed in Table 1 . It can be concluded that the previously designed metamaterial based on patch antennas present low RCS but they have no alternate in-band absorption and radiation feature. In addition, the previously designed metamaterial loaded patch antennas have a trade-off in terms of RCS and gain, since the reduction in RCS implies that the gain of the patch antenna decreases. Therefore, it is highlighted that the proposed metamaterial antenna is able to satisfy both requirement of high gain and low RCS performance. Moreover, the previously designed antennas provide a narrowband frequency range, whereas the proposed metasurface antenna presents wideband operation.
V. CONCLUSION
A dual-function metasurface structure has been designed with alternating absorption and radiation characteristics. Simulated and experimental results validate the designed metamaterial structure. The proposed design is implemented on a multilayered PCB providing a wideband absorption and high gain radiation. To validate the design, two 3×3 and 6×6 antenna elements are simulated and the 6×6 unit element array has been fabricated. The proposed design is experimentally verified showing a gain of 11dB from 7.5 GHz to 9.5 GHz and -10 dB reduction in RCS. The proposed metasurface antenna provides an alternative way to design planar antenna array with high gain, low RCS and beam steering capability.
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